We study by photoacoustic spectroscopy the band-gap shift effect of CdS films. The CdS films were grown by chemical bath deposition and exposed to different annealing atmospheres over a range of temperature in which the sample structure is observed to change. We show the band-gap evolution as a function of temperature of thermal annealing and determine the process which produces the best combination of high band-gap energy and low resistivity. It allows us to know a possible procedure to obtain low-resistivity CdS/CdTe solar cells with high-quantum efficiency.
Introduction
The study of heterojunctions and their use in a large variety of technological applications has become one of the principal subjects in solid state research. Among other applications, we mention the use of heterojunctions in transistors and diodes, as well as in other optoelectronic devices. Likewise, it is well known the importance represented by heterojunctions in solar cells development. In particular, CdS/CdTe heterojunctions, represent one of the principal candidates for low cost and high conversion-efficiency solar cells [1] .
In this type of solar cells, the obtention of CdS films with low resistivity plays an important role because it helps to diminish the dipositive sheet resistance and obtain the space charge region in the active zone, i.e., in the CdTe film.
It is also known that CdS samples present two different structural phases, namely, the highly stable hexagonal phase and the metastable cubic phase.
Even though it is possible to know by means of reflectivity measurements at room-temperature that these two phases have a band-gap energy differing less than 0.1eV, it is not possible, however, to infer any other conclusion about them [2] .
CdS films present a band-gap shift (BGS) effect when exposed to certain experimental conditions. This effect was reported by Balkanski et al. [3] for Si films as a function of temperature. Later on, because of its technological importance in optoelectronic design, many researchers have investigated the BGS of intrinsic and extrinsic semiconductors [4] - [8] . Recently, Zelaya-Angel et al. [9] have reported the first investigation of BGS as a function of temperature of thermal annealing (TTA) for CdS films. Nevertheless, it is worth saying that such a BGS effect, as well as the growth procedures to obtain CdS films in either of the phases, are not well understood up to now.
In this work we investigate by photoacoustic spectroscopy (PAS) the Results and discussion.
In Fig.1 we illustrate the PA spectra corresponding to both the as-grown
CdS sample and the whole set of CdS films annealed in Ar+S 2 atmosphere.
We assume that the value of the band-gap energy is given by the energy which matches the spectrum inflexion point. With this assumption, we observe the BGS effect as a function of TTA. The values of the band-gap energy (BGE)
for the samples annealed in Ar and Ar+S 2 atmosphere are shown in Table I of them show a stable tendency above the temperature corresponding to the minimum BGE. These results are illustrated in Fig.3 where the BGS, given
is plotted versus the TTA. Here, Eg(80 o C) is the band-gap energy of the as-grown samples. We notice that, among the investigated annealings, the highest ∆Eg values are produced by the air, the maximum ∆Eg = 0.17 eV taking place at roughly 350 o C. Moreover, only the Ar+S 2 annealing produces a considerable diminution of the BGE after having reached its maximum value.
Owing to our interest in finding the thermal process which produces CBD/CdS films with the best combination of high band-gap energy and low resistivity, we deal now with the sample electrical resistivity as a function of TTA. As all the annealing atmospheres produce similar resistivity effects in the samples, we take advantage of it and describe qualitatively their general behavior. Electrical measurements were performed by the two probes method for high resistivity films and the four probes method for low resistivity films at room temperature. The four probes technique was not satisfactory for high resistivity films because of the same order of magnitude of the film resistance and the electrometer input impedance. Resistivity of the as-grown samples was measured to be ρ = 2.3 × 10 7 Ω cm. Subsequently, as the annealings were performed, the resistivity decreased with increasing TTA until reaching a minimum value, then increasing again. As can be seen in Table III of sulfur vacancies as a consequence of non-equilibrium conditions. In the air annealing, the presence of oxygen creates both CdO and SO 4 Cd layers on the surface, increasing slightly the resistivity of the films respect to the Ar case [16] . The thermal treatments in H 2 and H 2 +In present the advantage of containing H 2 , which is a strong agent for grain boundary passivation by oxygen chemiabsorption [17] , [18] , decreasing the resistivity by 4 and 5 or ders of maagnitude, respectively, respect to the former cases. Now, in order to consider simultaneously the band-gap energy and the resistivity, we define
The above parameter contains the information we are interested in. In effect, high band-gap energy Eg(T ) is equivalent to low ∆Eg(T ), and similarly, low resistivity ρ(T ) implies high ∆ρ(T ). Thus, the higher ξ(T ) value, the better combination of high Eg(T ) and low ρ(T ). According with it, we have found a procedure to find out the TTA which produces samples with most favorable characteristics. We should observe that ξ(T ) is basically governed by ∆ρ(T ) because of its high values compared to the ∆Eg(T ) ones.
It gives us an idea of what TTA should be in advance investigated, namely, those with high ∆ρ(T ) values.
We have calculated ξ(T ) for all the annealing atmospheres. With their highest values, which are written in Table IV , we have plotted the figure of merit shown in Fig.4 . This figure allows us to know that, among the analysed annealings, the best effects are produced by H 2 and H 2 +In atmospheres.
In particular, H 2 +In annealing is lightly better than H 2 annealing, its best value ξ = 4.6 × 10 6 Ω cm/eV taking place at 250 o C. It is worth to point out that the measured resistivity of this sample is ρ = 5 × 10 −2 Ω cm. A similar value has been reported [19] but for the crystal grown by the melt, using the Tamman method in Ar gas of about 110 atm pressure. Moreover, for the Ar+S 2 atmosphere, the minimum resistivity is ρ = 1.9 × 10 3 Ω cm. This resistivity is roughly reproduced (2.3 × 10 3 Ω cm) for a normal CdS crystal but at 4.2 o K [19] .
The X-Ray diffraction patterns show that all the annealed samples present a light interplanar-distance increase compared to the as-grown samples, but only the samples exposed to Ar and Ar+S 2 annealings undergo a cubic to hexagonal phase transition. On the contrary, the samples annealed in H 2 , H 2 +In and air atmospheres preserve the same structural phase along the complete thermal process [17] . The Mechanism that explains this microestructural behavior is under study at present.
Photoluminiscence spectra of CdS samples annealed in Ar and Ar+S 2 atmospheres present a shift of the luminescent peaks as a function of TTA.
This shift has been interpreted as an evidence of evolution from S 2 vacancies to interstitial S 2 formation. For these two annealings, where a cubic to hexagonal phase transition is completed, interstitial S 2 becomes part of the hexagonal structure itself. PL spectra of CBD/CdS samples annealed in H 2 , H 2 +In, and air atmospheres has not been performed up to now.
In summary we have found that CBD/CdS films present optimum conditions of low resistivity and high band-gap energy when exposed to H 2 +In annealing atmosphere at 250 o C. This result allows us to know a possible procedure to obtain low resistivity CdS/CdTe solar cells with high quantum efficiency, therefore a real candidate for high conversion-efficiency solar cells. Figure Captions.
